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Abstract 
In milling of impellers and blisks, critical workpiece vibrations of thin-walled blade structures occur due to the excitation by the 
process forces and the dynamic compliance of the sensitive elements of the parts. Workpiece vibrations lead to an inacceptable 
waviness and chatter marks on the blade surfaces and thus to the production of defective parts. Also, these vibrations provoke an 
increased tool wear progress. Within the European collaborative research project INTEFIX, fixture solutions are developed 
which enable the detection and compensation of chatter vibrations during machining of thin-walled workpiece elements. With 
respect to the machining of impeller blades, a challenging task is to identify critical vibrations by means of sensors which are 
integrated into the structure of the fixture or the contact surface between the workpiece and clamping system. This contribution 
introduces the integration and application of piezo patch transducers which are embedded in CFRP fixture components. The 
sensory CFRP sub-structure is located directly at the workpiece and pre-stressed by the clamping. Tests show the functionality 
and performance of the sensor system. In addition, the sensor integrated fixture is investigated in machining analyses. 
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1. Introduction 
In milling of thin-walled blades of impellers and blisks (blade integrated disks), the excitation by the cutting 
forces causes vibrations of the compliant workpiece elements. This can lead to instable cutting conditions, 
inacceptable surface quality and accelerated tool wear [1]. In order to avoid defective parts, cutting parameters are 
chosen carefully in the conventional process layout. As a result, material removal rates and productivity are limited. 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The European research project INTEFIX (“Intelligent Fixtures for the manufacturing of low rigidity components”, 
Grant agreement no: 609306, www.intefix.eu), aims in the development of sensor and actuator integrated fixture 
systems in order to overcome challenges in machining of thin-walled parts regarding workpiece vibrations, 
workpiece distortions and part positioning and alignment. In this contribution, an intelligent chuck for clamping of 
impellers is presented and discussed with a special focus on the integrated sensor system. 
Fleischer et al. summarized the international state of the art regarding fixture technology in [2]. Main tasks of 
fixtures are to provide a defined position and orientation of clamped workpieces within the workspace of machine 
tools, to maintain this position and orientation under the influence of static and dynamic forces and thermal loads, 
and to guide mechanical process loads as a component of the machine tool structure [3]. Further requirements are the 
accessibility with respect to interference free machining, easy loading and unloading of workpieces, and a workpiece 
clamping without distortions due to clamping forces [4]. Some developments in fixture technology are related to 
‘intelligent’ fixtures with integrated sensor and actuator functionality [5-7]. Integrated sensors can be used for 
monitoring the clamping situation (e.g. for safe clamping), the behavior of the clamped workpiece (e.g. to avoid 
distortions due to clamping forces), or the process conditions (e.g. to recognize chatter). The application of actuators 
allows an active influencing and adjustment of process conditions [8-11]. In principle, the integration of sensors into 
fixtures for process monitoring purposes constitutes a contradiction to conventional fixture design. Whereas fixtures 
are conventionally designed with the aim to achieve maximum rigidity and stiffness in supporting and clamping the 
workpiece, the goal of achieving optimized sensor sensitivity necessitates a certain internal reaction of the fixture 
structure which can be measured by the sensor system. Although the potential of sensor equipped clamping devices 
and fixtures has been shown successfully, only few implementations in industrial products can be observed.  
2. Case study of intelligent fixture 
This contribution describes an intelligent fixture for clamping of impellers in milling processes (Fig. 1). These 
processes are characterized by the use of long and slender milling tools which allow machining of the blade surfaces 
and the geometries between the blades. Typically, tool rotational speeds above 10,000 min-1 and tools with 3 (and 
more) cutting edges are applied. Process vibrations occur at both, the tool and the workpiece side. 
 
 
Fig. 1. Case study of the intelligent fixture: Milling of impeller blades. 
The exemplary impeller has a diameter of 200 mm and a height of 65 mm. The workpiece material is Al7075. 
The weight of the workpiece amounts to approx. 3.5 kg. The dynamic behavior of the impeller blades can be 
characterized by the natural frequencies of the bending modes (Fig. 1). A first natural frequency was identified at 
3.9 kHz by FE analysis. During the milling processes, the dynamic response of the blades changes continuously 
because of the moving contact point between the tool and workpiece and the change of the modal parameters due to 
the material removal [12,13]. 
The first objective of the newly developed intelligent fixture is to allow the detection of critical process vibrations 
during the milling process by integrated sensor systems. The second objective concerns the mitigation of 
regenerative chatter vibrations. This is realized by the introduction of counter excitations of the workpiece by the 
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fixture which disturb the regenerative effect. In order to enable basic analyses of the sensor concept and counter 
excitation approach, at first, a 1-degree-of-freedom (DoF) test rig was built and deployed in milling tests involving a 
simplified straight aluminum plate instead of a complex curved impeller blade (Fig. 2 and Fig. 3) [14]. 
 
 
Fig. 2. Setup of 1-DoF translatory test rig for sensor and counter excitation analysis. 
The test rig consists of a movable slide which is connected to a base frame by flexure hinges. The slide is actuated 
by a piezo actuator. Its movements can be measured by means of an eddy current sensor. The test workpiece is 
mounted on top of the slide. Between the workpiece and the slide, a sensor integrated carbon fiber reinforced plastic 
(CFRP) plate (produced by INVENT) is placed which measures normal forces utilizing embedded piezo patch 
transducers. The vibrations of the workpiece close to the cutting zone are measured by laser triangulation sensors at 
the workpiece side opposite to the processed surface. This setup can be used for milling tests in order to investigate 
the effect of counter excitations on the process stability and the resulting workpiece surface quality [15]. 
Furthermore, the monitoring of the process vibrations by means of the CFRP integrated piezo sensors can be 
analyzed. The gathered monitoring signals are to be used in control strategies in order to control the counter 
excitation frequency and amplitude so that stable process conditions and a reduced waviness of the workpiece are 
achieved. Experimental results are depicted in Fig. 3. A smoother surface can be achieved by the application of 
counter excitations. Here, the measured surface roughness was reduced from Ra = 3.35 µm without counter 
excitation to Ra = 0.68 µm with counter excitations. In Fig. 4, exemplary measurement results of the CFRP 
integrated sensors compared to the laser triangulation sensor signals are presented which were recorded during the 
milling process [16]. Up to the dominant resonance frequency of approx. 2,000 Hz, the frequency response of the 
integrated sensors fits well with the vibrations of the simplified blade as recognized by the laser sensor. The tool 
teeth engagement frequency (~350 Hz) can clearly be observed in that frequency range. Above the resonance 
frequency, however, the signals of the CFRP integrated sensors are damped and a limited sensitivity is provided. 
Analyzing the spectrogram shown in Fig. 4, also at higher frequencies, process related signals can be found within 
the measured information of the integrated sensors. As a result, the CFRP integrated sensor approach appears to be 
feasible with respect to the desired monitoring task. The CFRP integration possesses two major advantages 
compared to a conventional application of strain gauge based or piezo based force sensors: (1) the sensor 
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functionality is inherently provided by a structural element of the fixture device; (2) the mass of the moving slide 
which conducts the counter excitation motion is affected minimally by the light weight CFRP component. 
 
 
Fig. 3. Test results for counter excitation application. 
 
 
Fig. 4. Test results for internally measured sensor signals. 
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3. Sensor structure of the final prototype 
In order to implement counter excitations of the impeller during milling processes, an intelligent rotational chuck 
was developed (Fig. 5) [16]. The approach of rotational counter excitation exploits the fact that a rotational vibration 
of the workpiece provokes bending vibrations of the blades. These bending vibrations lead to similar chatter 
disturbing effects as investigated by means of the simplified translatory test rig. 
 
 
Fig. 5. Rotational intelligent chuck with integrated sensors and actuator. 
The sensor integration concept of the final prototype is based on the results gained with the translatory test rig. A 
light weight CFRP element with integrated piezo patch transducers is mounted at the inner rotating core of the 
actuated structure which carries a clamping mandrel in order to fixate the workpiece. The CFRP provides ‘sensory 
arms’ which are pre-stressed against the bottom surface of the workpiece during clamping. By this pre-stress, the 
contact of the sensory element with the workpiece can be guaranteed and the sensor sensitivity is improved. Several 
sensory test structures (provided by INVENT) were analyzed in experiments (Fig. 6). At first, a 3D printed 
aluminum test structure with attached piezo patch transducers was realized (Fig. 6a). In subsequent development 
steps, three different CFRP elements with integrated piezo patch transducers were produced (Fig. 6b – Fig. 6d). The 
sensory components were analyzed by means of basic dynamic experiments using a conventional shaker (Fig. 6e) 
and inside the mounted intelligent chuck system (Fig. 6f). The measurement results are shown in Fig. 7. 
Furthermore, experimental modal analyses were conducted using hammer excitation (Fig. 6g and Fig. 8). 
A comparison of the three distributed piezo patches (PZT 1 – PZT 3) inside the CFRP structure as shown in 
Fig. 6b analyzed by the setup shown in Fig. 6e is presented in Fig. 7a. It can be seen that the dynamic sensitivity of 
the different sensors is comparable. Due to the symmetric arrangement, the distributed sensors are capable to 
observe workpiece vibrations independently from the point of process excitation. This aspect is important with 
respect to the varying engagement situations and moving tool contact points during the overall machining process. 
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Furthermore, sensor data fusion, e.g. by simply summing up the sensor raw signals, appears to be easily realizable 
without losing relevant frequency response information. 
In Fig. 7b, the frequency response functions of the 3D printed aluminum test structure and of the different 
realized CFRP structures are depicted. The various CFRP components involve different types of buildup approaches 
including dedicated damping layers. The first natural frequencies of the CFRP components (represented by the first 
dominant peaks in the frequency response functions) are lower compared to the aluminum structure (Fig. 7b). Nearly 
the same dynamic response amplitudes can be achieved. 
 
 
Fig. 6. Test structures for integrated sensor elements: (a) 3D printed aluminum structure, (b) CFRP structure, (c) CFRP with silicone,  
(d) CFRP with EPDM, (e) dynamic analysis test setup, (f) frequency response tests, (g) modal analysis 
 
 
Fig. 7. Experimental results for integrated sensory elements for rotational intelligent chuck prototype: 
(a) Comparison of three sensors in one CFRP structure, (b) frequency response characteristics of different sensor systems. 
The complete clamping setup including the impeller was also analyzed by means of experimental modal analysis 
(Fig. 8). The integrated piezo sensors (PZT1 - PZT3) were compared to external three axis reference sensors (BK-
Acc) which were mounted at different components of the rotational chuck and the workpiece itself. 
126   Hans-Christian Möhring et al. /  Procedia Technology  26 ( 2016 )  120 – 128 
 
Fig. 8. Measured frequency response functions of the complete clamping setup. 
The integrated sensory elements allow the detection of the first natural frequency of the assembled system. Also 
at higher frequencies, the integrated sensors enable an identification of clamped workpiece vibrations. However, due 
to the contact type of the pre-stressed CFRP arms at the bottom surface of the workpiece, vertical vibration motions 
are detected with a high sensitivity whereas other vibration modes are damped in the sensor signals. Nevertheless, 
the integrated sensors are capable to identify system vibrations. Since bending vibrations of the impeller blades also 
include vertical components as a result of the complex mode shapes, the integrated sensors possess the necessary 
sensitivity to observe these relevant blade vibrations. 
The rotational chuck was proven in first milling tests (tool diameter: 12 mm, tool rotational speed: 10,600 min-1, 
z = 2, ae = 1 mm, ap = 0.6 mm, vf = 3,710 mm/min) without and with counter excitations (fex = 350 Hz) using straight 
test workpieces (Fig. 9). The resulting workpiece surfaces were measured by an ALICONA InfiniteFocus device. A 
smoother and more regular surface can be achieved applying the counter excitation (Fig. 9c). However, more 
investigations regarding counter excitation strategies are necessary in order to further reduce the waviness of the 
parts. The waviness cannot be avoided totally. In Fig. 10, the signals of the integrated piezo sensors, which were 
captured during the milling tests, are depicted (Fig. 10b). Furthermore, the measured forces of the piezo actuator, the 
signals of a laser sensor (measuring the deflections of an upper vertex of the workpiece) and the elongation 
monitoring signals of the piezo actuator are shown. The signals of the integrated piezo sensors without counter 
excitation contain the teeth engagement frequency (~350 Hz) and the first natural frequency (~2 kHz) of the 
simplified workpiece. With counter excitation, the teeth engagement frequency diminishes in the signals of PZT 2 
and PZT 3. The counter excitation can be found in the signals of the laser sensor (Fig. 10b, right).  
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Fig. 9. Results of machining experiments: 
(a) milling test setup, (b) test part surface without counter excitation, (c) test part surface with counter excitation. 
 
 
Fig. 10. Sensor signals during milling without (left) and with (right) counter excitation: 
(a) force at piezo actuator, (b) signals of integrated piezo sensors, (c) signal of laser sensor, (d) piezo actuator monitoring signal 
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This corresponds to the frequency of the waviness of the workpiece surface in Fig. 9c, which amounts to ~174 Hz 
(approx. half of the teeth engagement frequency and counter excitation frequency). These interrelations have to be 
investigated in detail in future work. However, the sensitivity of the integrated sensors is proven by the milling tests. 
4. Summary and conclusion 
This contribution introduces sensor integrated CFRP elements for applications in intelligent fixtures. By means of 
embedded piezo patch transducers, these elements enable the detection of workpiece vibrations and process 
excitations during machining. Thus, the sensors can be applied for process monitoring purposes and for control 
applications. An intelligent fixture for clamping of impellers is presented which utilizes the sensory CFRP elements. 
Basic tests and analyses of the prototype system validate the functionality of the integrated elements. In future 
research work, the sensor signal characteristics will be investigated in comprehensive machining tests under various 
processing conditions. Furthermore, the use of the sensor system in control implementations will be analyzed. 
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